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(57) ABSTRACT

In a cloud computing environment, a production server vir-
tualization stack is minimized to present fewer security vul-
nerabilities to malicious software running within a guest vir-
tual machine. The minimal virtualization stack includes
support for those virtual devices necessary for the operation
of a guest operating system, with the code base of those
virtual devices further reduced. Further, a dedicated, isolated
boot server provides functionality to securely boot a guest
operating system. The boot server is isolated through use of
an attestation protocol, by which the boot server presents a
secret to a network switch to attest that the boot server is
operating in a clean mode. The attestation protocol may fur-
ther employ a secure co-processor to seal the secret, so that it
is only accessible when the boot server is operating in the
clean mode.
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1
ATTESTATION PROTOCOL FOR SECURELY
BOOTING A GUEST OPERATING SYSTEM

RELATED APPLICATION

This application is a continuation of and claims priority to
U.S. Pat. No. 8,812,830 filed on Aug. 31, 2011, the disclosure
of which is incorporated by reference herein.

BACKGROUND

With the increase in availability of high-speed, high-band-
width network capacity, cloud computing has become a more
common solution for providing computing resources to users.
Using cloud computing techniques, a data center may provide
various services (e.g., applications, data access, data storage,
and the like) to a remote end-user, without requiring that the
end-user have knowledge of the hardware and/or software
infrastructure that provides the services.

Cloud computing services may provide a remote end-user
with access to a host server within a data center, and the host
server may include one or more virtual machines (VMs) on
which customers may install and execute third party software,
such as an operating system (OS) and/or various applications.
Each VM has access to a virtualization stack—software that
provides support for one or more virtual devices of the host
server. However, traditional virtualization stacks tend to be
large and may have security vulnerabilities. Thus, traditional
virtualization techniques used in cloud computing could
allow malicious third-party software to compromise an entire
physical server in the cloud, or even other servers in the cloud.

SUMMARY

More secure cloud computing services are provided
through use of a reduced virtualization stack running on one
or more production servers of a data center. The production
server provides cloud computing services to users. The pro-
duction server virtualization stack is minimized to present
fewer security vulnerabilities to malicious software running
within a guest VM on the production server. This minimal
virtualization stack includes support for those virtual devices
necessary for operation of a guest OS and or applications,
including virtual devices associated with network, storage,
and processing functionality. In some embodiments, the code
base for these virtual devices is further reduced by removing
code that is unnecessary in the cloud computing environment,
such as code related to initialization and power management
of physical devices.

The production server’s minimal virtualization stack does
not include virtual devices that are not needed in the cloud
computing environment. Further, the minimal virtualization
stack running on a production server also may not include
certain virtual devices that are necessary to boot a guest OS.
Unfortunately, certain OSs (e.g., commodity OSs) do not
boot in the absence of some of these virtual devices even
though they are not needed for the operation of a guest OS
post-boot. Given this, a dedicated boot server, with a more
complete virtualization stack, provides functionality to boot a
guest OS. The boot server receives from a production server
animage of'a guest VM that includes a guest OS to be booted.
The boot server is then disconnected from the network while
the guest VM is initialized and the guest OS boots. After
successful boot of the guest OS, an image is taken to preserve
the state of the guest VM and booted guest OS. The boot
server is then rebooted into a clean mode, and restored to a
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clean environment, after which the image of the guest VM is
sent to the production server where the guest OS can resume
operation.

Isolation of the boot server from the network while the
guest OS is booting ensures that any malicious software that
corrupts the boot server is unable to attack other devices. The
boot server is isolated through use of an attestation protocol,
through which the boot server attests that it is in a clean mode
when no guest VMs are executing on it. In some embodi-
ments, the attestation mode uses the media access control
(MAC) address of the boot server’s network interface con-
troller (NIC) as a secret, and isolation is ensured by a network
switch that has the MAC address in its whitelist.

This Summary is provided to introduce a selection of con-
cepts in a simplified form that are further described below in
the Detailed Description. This Summary is not intended to
identify key features or essential features of the claimed sub-
ject matter, nor is it intended to be used to limit the scope of
the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

The detailed description is described with reference to the
accompanying figures. In the figures, the left-most digit(s) of
areference number identifies the figure in which the reference
number first appears. The same reference numbers in differ-
ent figures indicate similar or identical items.

FIG. 1 is a schematic diagram depicting an example virtu-
alization configuration for providing cloud computing ser-
vices.

FIG. 2 is a schematic diagram depicting an example envi-
ronment in which embodiments may operate.

FIG. 3 is a diagram of an example computing device that
may be deployed as part of the example environment of FIG.
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FIG. 4 is a schematic diagram depicting example virtual-
ization stacks, according to embodiments.

FIG. 5 is a flow diagram of an illustrative process for
securely booting a guest operating system, according to
embodiments.

FIG. 6 is a diagram of an illustrative process and commu-
nications for securely booting a guest operating system,
according to embodiments.

DETAILED DESCRIPTION
Overview

Cloud computing services provide a remote user with
access to an OS executing on a host server within a data
center. Generally, data centers rely on virtualization technol-
ogy to multiplex hardware resources for simultaneous use by
multiple customers, and one or more virtualization configu-
rations may be used to provide resources to a user. An
example virtualization configuration is depicted in FIG. 1,
which shows a virtualization configuration 100 for a server
device providing cloud services to a user. Such a server may
support one or more VMs. As used herein, a VM is a computer
environment in which software can run. In general, a server
may support two types of VM: a root VM and one or more
guest VMs.

As shown in FIG. 1, one or more guest VMs 102 may each
provide a computer environment within which guest software
can run. This guest software may include one or more guest
OSs 104, and/or various applications. In some cases, a data
center (e.g. cloud computing services provider) may provide
a guest VM as a “sandbox” to each of its customers, and the
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customer may install and execute one or more guest OSs
and/or applications within its designated guest VM. In a
secure cloud computing environment, each guest VM is iso-
lated and/or compartmentalized, and cannot gain access to
other guest VMs assigned to other customers.

The second type of VM is the root VM, e.g. root VM 106 of
FIG. 1. The root VM is a privileged VM that an administrator
can use to manage the other, guest VMs on a server. The root
VM is also sometimes referred to as the host VM, privileged
VM, administrator VM, or domO (the latter in the context of
Xen® virtualization software). In general, one instance of the
root VM is present on a server, to manage one or more guest
VMs on the server.

Virtualization configuration 100 may also include a hyper-
visor 108. A hypervisor (also sometimes known as a virtual
machine manager) is installed on the server device to control
and monitor execution of all the VMs, including the root VM
and guest VMs. In some configurations, the hypervisor may
also act as host software that creates the various VMs as
computer environments in which guest software can execute.
Taken together, the hypervisor 108 and root VM 106 form a
Trusted Computing Base (TCB) 110 of the server device. The
TCB 110 is the set of software that characterizes the security
properties of the server device. In other words, a cloud service
provider can legitimately state that the server device is secure
if the TCB of the server device is not compromised (e.g., free
of malicious software that may seek to exploit security vul-
nerabilities on the server device).

The hypervisor 108, root VM 106, and guest VM(s) 102
execute on top of the server hardware 112. Moreover, as
shown in FIG. 1, root VM 106 includes a virtualization stack
114. The virtualization stack provides the third-party guest
software (e.g. guest OS and/or applications) running within
guest VM(s) with access to the devices supported by the
server hardware, and acts as an interface between the guest
software and the TCB. Although the virtualization stack 114
is part of the root VM 106, the root VM may provide each
executing guest VM with its own executing instance of the
virtualization stack to access virtual devices. In some
embodiments, each guest VM may use an instance of the
same virtualization stack. However, in other embodiments,
different guest VMs may employ different virtualization
stacks that are customized for the particular needs of difterent
users. Because the virtualization stack acts as an interface
between the TCB 110 and guest software, such as guest OS(s)
104 running on guest VM(s) 102, the TCB may be more
effectively defended from malicious software by minimizing
the virtualization stack.

A security vulnerability present in the virtualization stack
114 could allow a guest VM to compromise some or all of the
software running on the server device, such as the root VM
106 and guest VM(s) 102. Because a primary role of the
hypervisor is to isolate each guest VM from the others, a
vulnerability that allows software running within one guest
VM to gain access to other guest VMs could be particularly
dangerous, and could compromise the security of the TCB
110. Further, in other cases malicious software running
within one guest VM could launch denial-of-service (DoS)
attacks or other types of remote attacks against other VMs on
a server, and thus compromise the performance of the other
VMs even without gaining direct access to them.

Embodiments described herein provide for a reduced vir-
tualization stack, to limit the amount of code included in the
TCB and thus reduce the number of security vulnerabilities
that may be exploited by malicious third-party software run-
ning within a guest VM. In some embodiments, the virtual
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4

devices supported by the virtualization stack are classified
into one of three categories: extraneous devices, legacy
devices, and required devices.

The first category includes those virtual devices that are
extraneous (i.e., not needed by a guest OS executing within a
guest VM in the cloud). The second category includes those
legacy virtual devices that are not needed by a guest OS
during its post-boot operation, but without which the guest
OS cannot boot. The third category includes those required
virtual devices that are needed to run a guest OS in the cloud.
Generally, a user running a guest OS needs storage and net-
working capability. Thus, the third category includes virtual
devices required to offer storage and networking capabilities
to the guest OS. These three categories are described in more
detail herein with reference to FIG. 4.

In some embodiments, one or more production servers are
provided to host guest VMs on which users can install third-
party software, and each production server includes a reduced
virtualization stack that reduces the number of potential secu-
rity vulnerabilities that may be exploited by malicious third-
party software. In some embodiments, the reduced virtualiza-
tion stack on a production server may include the third
category of required virtual devices, but not the first and
second categories as described above. Moreover, in some
embodiments, the virtual devices of this third category may
themselves have reduced functionality. In this way, a minimal
virtualization stack may be provided that substantially mini-
mizes security vulnerabilities.

Certain OSs (e.g. commodity OSs such as Windows®,
Linux®, and others) may not boot unless they detect the
presence of certain devices, such as the second category of
legacy virtual devices described above. Given this, embodi-
ments include a dedicated, isolated boot server on which a
guest OS may boot. Such a dedicated boot server includes a
more complete virtualization stack, such as a stack with all
three categories or, in some embodiments, the second and
third categories described above.

Because the boot server includes a more complete virtual-
ization stack, it may be more vulnerable to security exploits
than a production server with a reduced virtualization stack.
Given this, and because the guest OS to be booted may
include malicious software, embodiments include a process
to ensure that the boot server remains isolated from the net-
work while it is booting a guest OS. The term “dirty mode” is
used herein to refer to the operational mode of the boot server
when it has a guest VM and/or guest OS loaded onto it, to boot
the guest OS. It should be noted that the term dirty mode does
not indicate that the boot server is known to be infected with
malicious software, but rather that the boot server is in a state
where there is a possibility that it has been compromised
because it is running guest software. The term “clean mode”
is used herein to refer to the operational mode of the boot
server when there is no guest VM, guest OS, or guest software
loaded onto it. In some embodiments, when the boot server is
operating in a clean mode it has been loaded with an image
from a known-good state of the boot server.

The process of booting a guest OS on the isolated boot
server is described in more detail below. Briefly described,
the process begins when the boot server receives a first image
of a guest VM and guest OS to be booted. The boot server
receives the first image from one of the production servers.
After receiving the image, the boot server is rebooted into a
dirty mode, and disconnected from the network. While the
boot server is in dirty mode, the guest OS is booted, and a
second image of the guest VM and booted guest OS is saved.
Then, the boot server is rebooted into a clean mode, and a
clean image of the boot server (i.e., a known good image that
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is known to be free of malicious software) is written to the
boot server, overwriting any potentially malicious software
carried within the just-booted guest OS.

After the boot server is rebooted into clean mode, its net-
work connection is restored, and the second image of the
guest VM and booted guest OS is sent to the production
server, to allow the guest OS to execute on the production
server. To ensure that the boot server is isolated from the
network (and from other computers) while booting the guest
OS, embodiments employ an attestation protocol to attest that
the boot server is operating in a particular software configu-
ration, i.e. the clean mode. The attestation protocol provides
for a secret, and binds the secret so that it is only accessible
while the boot server is operating in clean mode. In some
embodiments, this secret comprises the MAC address of a
NIC of the boot server, and this MAC address is whitelisted
by a network switch so that network connectivity is provided
only when the boot server NIC presents the whitelisted MAC
address to the switch.

Ilustrative Environment

FIG. 2 depicts an example environment 200 in which
embodiments operate. As shown, the various devices of envi-
ronment 200 communicate with one another via one or more
networks 202 that may include any type of networks that
enable such communication. For example, networks 202 may
include public networks such as the Internet, private networks
such as an institutional and/or personal intranet, or some
combination of private and public networks. Networks 202
may also include any type of wired and/or wireless network,
including but not limited to local area networks (LANs), wide
area networks (WANs), Wi-Fi, WiMax, and mobile commu-
nications networks (e.g. 3G, 4G, and so forth). Networks 202
may utilize communications protocols, including packet-
based and/or datagram-based protocols such as internet pro-
tocol (IP), transmission control protocol (TCP), user data-
gram protocol (UDP), or other types of protocols. Moreover,
networks 202 may also include a number of devices that
facilitate network communications and/or form a hardware
basis for the networks, such as switches, routers, gateways,
access points, firewalls, base stations, repeaters, backbone
devices, and the like.

Environment 200 further includes one or more client
device(s) 204 associated with user(s). Briefly described, cli-
ent device(s) 204 may include any type of computing device
that a user may employ to send and receive information over
networks 202. For example, client device(s) 204 may include,
but are not limited to, desktop computers, laptop computers,
pad computers, wearable computers, media players, automo-
tive computers, mobile computing devices, smart phones,
personal data assistants (PDAs), game consoles, mobile gam-
ing devices, set-top boxes, and the like. Client device(s) 204
generally include one or more applications that enable a user
to send and receive information over the web and/or internet,
including but not limited to web browsers, e-mail client appli-
cations, chat or instant messaging (IM) clients, and other
applications.

As shown in FIG. 2, environment 200 may also include one
or more production server device(s) 206. Production server
device(s) 206 and boot server device 208 are described in
greater detail herein with regard to FIG. 3. Briefly stated,
production server device(s) 206 include computing devices
that are configured to provide cloud computing services to
users (e.g., customers of a data center). Provision of cloud
computing services may include providing one or more guest
VMs on which user can install third-party software such as
guest OSs and/or applications. In some embodiments, such
guest VMs are managed by a root VM that includes a reduced
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6

virtualization stack, as described herein. In some embodi-
ments, a user using one of the client device(s) 204 may log
into a production server device, and take advantage of cloud
computing services offered thereon.

Environment 200 also includes boot server device 208.
Although FIG. 2 depicts a single boot server, in some embodi-
ments more than one boot server may be employed to provide
boot services more efficiently to the production server
device(s) 206. Boot server device 208 includes a more com-
plete virtualization stack than those present on production
server device(s) 206. Boot server device 208 can be isolated
from the rest of environment 200, to enable secure booting of
a guest OS received from one of the production server
device(s) 206. Such isolation may be facilitated through the
use of a switch, such as the depicted switch 210, which
provides a single point of connection between boot server
device 208 and the rest of environment 200, and the outside
world generally. Embodiments include an attestation proto-
col that interacts with switch 210, and that attests that the boot
server is operating in clean mode to ensure that the boot server
device 208 may communicate with other devices only when it
is operating in clean mode. This attestation protocol is
described further herein.

Although not explicitly depicted, environment 200 may
further include one or more databases or other storage
devices, configured to store data related to the various opera-
tions described herein. Such storage devices may be incorpo-
rated into one or more of the devices depicted, or may be
external storage devices separate from but in communication
with one or more ofthe devices. For example, stored data may
be related to operations of production server device(s) 206 in
providing guest VMs on which users can install guest OSs
and/or applications, and to the boot status of guest OSs on
production server device(s) 206. Stored data may also include
information regarding the operations of boot server 208,
including but not limited to history of guest OSs that have
booted on the boot server device 208, the users (e.g., custom-
ers) that the guest OSs are associated with, and/or the particu-
lar production server on which various users installed their
guest OSs or other software.

In general, each of the one or more of the devices depicted
in FIG. 2 may include multiple computing devices arranged
in a cluster, server farm, or other grouping to share workload.
Such groups of devices may be load balanced or otherwise
managed to provide more efficient operations. Moreover,
although various computing devices of environment 200 are
described as clients or servers, each device may operate in
either capacity to perform operations related to various
embodiments. Thus, the description of a device as client or
server is provided for illustrative purposes, and does not limit
the scope of activities that may be performed by any particu-
lar device.

Tlustrative Computing Device Architecture

FIG. 3 depicts a block diagram of an example computer
system architecture for the various devices depicted in FIG. 2.
As shown, computing device 300 includes processing unit
302. Processing unit 302 may include one or more processing
units (e.g., processors), and may be implemented as hard-
ware, software, or some combination thereof. As used herein,
processor refers to a hardware component. Processing unit
302 may include computer-executable, processor-executable,
and/or machine-executable instructions written in any suit-
able programming language to perform various functions
described herein. In some embodiments, processing unit 302
may further include one or more graphics processing units
(GPUs).
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Computing device 300 further includes a system memory
304, which may include volatile memory such as random
access memory (RAM), static random access memory
(SRAM), dynamic random access memory (DRAM), and the
like. System memory 304 may also include non-volatile
memory such as read only memory (ROM), flash memory,
and the like. System memory 304 may also include cache
memory. As shown, system memory 304 includes one or
more OS(s) 306, and program data 308 that is generated
and/or employed by one or more executable components 310
and/or OS(s) 306 during their execution. Executable compo-
nents 310 include programs, applications, and/or processes
that are loadable and executable by processing unit(s) 302.

Where computing device 300 represents production server
device(s) 206 or boot server device 208, executable compo-
nents 310 include a hypervisor 312. As described herein,
hypervisor 312 manages and creates root VM 314 and guest
VM(s) 318, and presents guest VM(s) 318 as virtual operating
platforms on which users may install guest software such as a
guest OS (not shown). Executable components 310 may also
include a virtualization stack 316 that runs within root VM
314. In some embodiments, the virtualization stack 316 may
be reduced (e.g., may support fewer virtual devices) on a
production server and may be more complete on the boot
server.

Executable components 310 may also include an attesta-
tion protocol component 320 to control the operation of the
attestation protocol on the boot server. As discussed further
herein, the attestation protocol operates to ensure that the boot
server is isolated from the rest of the network and from other
devices while a guest OS is booting on the boot server.
Executable components 310 may also include other compo-
nents 322.

As shown in FIG. 3, computing device 300 may also
include removable storage 330 and/or non-removable storage
332, including but not limited to magnetic disk storage, opti-
cal disk storage, tape storage, and the like. Disk drives and
associated computer-readable media may provide non-vola-
tile storage of computer readable instructions, data structures,
program modules, and other data for operation of computing
device 300.

In general, computer-readable media includes computer
storage media and communications media.

Computer storage media includes volatile and non-vola-
tile, removable and non-removable media implemented in
any method or technology for storage of information such as
computer readable instructions, data structure, program mod-
ules, and other data. Computer storage media includes, but is
not limited to, RAM, ROM, erasable programmable read-
only memory (EEPROM), SRAM, DRAM, flash memory or
other memory technology, compact disc read-only memory
(CD-ROM), digital versatile disks (DVDs) or other optical
storage, magnetic cassettes, magnetic tape, magnetic disk
storage or other magnetic storage devices, or any other non-
transmission medium that can be used to store information for
access by a computing device.

In contrast, communication media may embody computer
readable instructions, data structures, program modules, or
other data in a modulated data signal, such as a carrier wave or
other transmission mechanism. As defined herein, computer
storage media does not include communication media.

Computing device 300 may include input device(s) 334,
including but not limited to a keyboard, a mouse, a pen, a
voice input device, a touch input device, and the like. Com-
puting device 300 may further include output device(s) 336
including but not limited to a display, a printer, audio speak-
ers, and the like. Computing device 300 may further include
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communications connection(s) 338 that allow computing
device 300 to communicate with other computing devices
340, including client devices, server devices, databases, or
other computing devices accessible over network(s) 202.
Tlustrative Virtualization Stack Configurations

Generally, a guest VM running on a production server does
not have direct I/O access to hardware of the production
server. Instead, 1/O access is mediated by a virtualization
stack. A virtualization stack provides virtual device access to
software running within the one or more VMs managed by the
hypervisor. In some embodiments, the virtualization stack is
part of the root VM as shown in FIG. 1, with the root VM
running an instance of the virtualization stack for each guest
VM. In some embodiments, the root VM creates a new
instance of the virtualization stack for each guest VM. This
process may be transparent to the guest VM, so that the guest
VM is not aware that it is accessing virtualized devices
instead of actual hardware devices.

Embodiments support three approaches to implementing a
virtual device: 1) multiplexing the virtual device over the
corresponding real physical device provided by the OS run-
ning in the root VM; 2) emulating the hardware device
entirely in software to provide the desired functionality; and
3) providing virtualization services through a device inter-
face. Some or all of these methods may be used to implement
various virtual devices supported by the virtualization stack.

As discussed herein, to increase the security of the TCB of
aproduction server that provides cloud computing services to
users, a production server may include a virtualization stack
that is reduced in comparison to the virtualization stack run-
ning on a boot server. FIG. 4 provides a comparison of
example virtualization stacks that may be included on the
boot server and production servers, according to various
embodiments. As shown, a boot server virtualization stack
402 may include support some or all of three categories of
virtual devices: extraneous virtual devices, legacy virtual
devices, and required virtual devices.

Extraneous virtual devices: The first category, shown in
block 404, includes those virtual devices that are extraneous
or unnecessary (i.e., not needed by a guest OS executing
within a guest VM), including but not limited to a floppy
drive, akeyboard, a mouse, a monitor, a serial port, a graphics
card, devices associated with display functionality generally,
and devices associated with power management.

Legacy Virtual Devices:

The second category, shown in block 406, includes those
legacy virtual devices that are not needed by a guest OS
during its post-boot operation, but without which the guest
OS cannot boot. There are two reasons a guest OS may need
a particular device to be present at boot time. First, the pro-
duction server’s Basic Input/Output System (BIOS) and/or
the guest OS itself may check for the presence of a legacy
device at boot time. Second, the BIOS and/or guest OS may
perform device initialization and/or power management
functions for the legacy device. Legacy virtual devices may
include, but are not limited to, a keyboard controller, an
Industry Standard Architecture (ISA) bus controller, a video
card, and a programmable interrupt timer (PIT). In some
embodiments, the list of legacy virtual devices needed at boot
time is determined experimentally by disabling each virtual
device one ata time, and attempting to boot the guest OS. This
determination may also rely on determining dependencies
between virtual devices, as described in more detail below.

Required Virtual Devices:

The third category, shown in block 408, includes those
required virtual devices that are needed to run a guest OS. In
some embodiments, the required virtual devices include those
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devices needed for processing, disk storage, and/or network-
ing functionality. These may include, but are not limited to, a
storage device, a NIC, an integrated drive electronics (IDE)
controller, a clock, a virtual motherboard, a shared-memory
interface (such as a VM bus), a programmable interrupt con-
troller (PIC), and a peripheral component interconnect (PCI)
bus controller. It should be noted that this list is not meant to
be exhaustive. In some cases, a guest OS may have a particu-
lar use for one or more additional devices other than those
listed, and/or a guest OS may have changing needs.

In some embodiments, the boot server virtualization stack
402 may include all three categories of virtual devices. In
other embodiments, the boot server virtualization stack 402
may include legacy virtual devices 406 and required virtual
devices 408, and may not include extraneous virtual devices
404. Such a configuration provides a somewhat reduced code
base for the TCB of the boot server, to provide increased
security.

As shown in FIG. 4., production server virtualization stack
410 supports fewer virtual devices than boot server virtual-
ization stack 402. In some embodiments, production server
virtualization stack 410 includes only the required virtual
devices 412 (e.g., those virtual devices needed for the opera-
tion of a guest OS), and does not include extraneous or legacy
virtual devices. In this way, the production server runs with a
smaller code base for its TCB, thus minimizing potential
security exploits by malicious third-party software.

In the reduced production server virtualization stack 410,
extraneous and/or legacy virtual devices are disabled. Insome
embodiments, this disabling may include determining depen-
dencies between virtual devices, because a virtual device may
not be disabled unless all of its dependent virtual devices are
also disabled. Determination of virtual device dependencies
may take place through the use of one or more heuristics that
test for the presence or absence of a dependency between two
virtual devices. Embodiments support three heuristics: 1)
object file reference analysis; 2) experimental device instan-
tiation; and 3) source code inspection.

In the object file reference analysis heuristic, object files
created at compile time are classified to determine which
object files contain functionality for a single device. Then, the
symbol tables for these object files are searched for external
references to symbols defined in other object files (e.g., object
files associated with other virtual devices). Existence of such
an external reference provides evidence of a dependency
between two devices. However, this heuristic may not iden-
tify all dependencies, given that certain invocations from one
device to another may be performed as indirect calls using
function pointers.

In the experimental device instantiation heuristic, a device
is disabled from execution. For example, this disabling may
be performed by commenting out the device in the device
instantiation listing in the virtual motherboard’s manifest.
This commenting out may cause the guest VM to fail to
instantiate properly and/or a guest OS to fail to boot when
other, still present devices depend on the disabled device. If
instantiation fails, then other devices may be similarly dis-
abled (e.g., commented out), until instantiation succeeds. In
cases where successful instantiation with a first device dis-
abled depends on a second device also being disabled, the
second device is determined to depend on the first device.

In the source code inspection heuristic, source code for
virtual devices is manually inspected to look for dependen-
cies. This manual process may be time-consuming and error-
prone. Given that, in some embodiments source code inspec-
tion is used to supplement the shortcomings of the first two
heuristics.
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In some embodiments, the TCB of the production server is
further reduced (and thus made even more secure), through a
reduction of the functionality of the required virtual devices
412. This further reduction of functionality may include
rewriting and/or modifying the code implementing one or
more required virtual devices to remove functionality not
needed in the cloud. For example, code related to initializa-
tion and/or power management for certain virtual devices
may be removed to reduce the size of the code base of'a virtual
device.

Because the production servers operate with a reduced
virtualization stack that does not include those legacy virtual
devices needed to boot a guest OS, various implementations
require a dedicated boot server with a more complete virtu-
alization stack on which a guest OS may boot. Because the
boot server runs with a more complete (and therefore poten-
tially more vulnerable) TCB, embodiments support the iso-
lation of the boot server while a guest OS is booting thereon.
Thus, even when the guest OS includes malicious software,
any potential corruption to the boot server is not given an
opportunity to spread to other devices. This aspect is
described further with reference to FIGS. 5 and 6.
Tlustrative Operation

FIG. 5 depicts a flowchart showing an example process in
accordance with various embodiments. The operations of this
process are illustrated in individual blocks and summarized
with reference to those blocks. The processes are illustrated
as logical flow graphs, each operation of which may represent
a set of operations that can be implemented in hardware,
software, or a combination thereof.

In the context of software, the operations represent com-
puter-executable instructions stored on one or more computer
storage media that, when executed by one or more processors,
instruct or otherwise enable the one or more processors to
perform the recited operations. Generally, computer-execut-
able instructions include routines, programs, objects, mod-
ules, components, data structures, and the like that perform
particular functions or implement particular data types. The
order in which the operations are described is not intended to
be construed as a limitation, and any number of the described
operations can be combined in any order and/or in parallel to
implement the process described.

The boot server offers two modes of operation: 1) a clean
mode used when importing and exporting guest VM images
in and out of the boot server; and 2) a dirty mode used for
initializing the guest VM and booting a guest OS. To ensure
that any malicious third-party software included with the
guest OS is prevented from infecting any other devices, the
boot server is connected to the network (e.g., via a network
switch) only when it is running in clean mode, using a known-
good configuration with no executing guest VM present.

FIG. 5 depicts an example process 500 for securely booting
aguest OS running within a guest VM. In some embodiments,
process 500 may execute on boot server device 208, which
operates with a more complete virtualization stack (e.g., a
stack that includes those virtual devices needed to boot a
guest OS, as described above). After initializing, process 500
receives at block 502 an image file of a guest virtual machine,
the image file including the guest OS to be booted. Such an
image file may be received over network(s) 202 from one of
production server device(s) 206. The guest VM may operate
on a production server to host third-party software (e.g., a
guest OS and/or application(s)) installed by a user.

At a time when the guest OS is about to boot on a produc-
tion server, that production server’s hypervisor may receive
an indication that the guest OS is about to boot. In some
embodiments, the hypervisor detects that a guest OS is ready
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to be booted by monitoring a particular port. For example, in
x86 architecture, the keyboard controller port 0x64 links to
the CPU reset pin. By interposing on this port, the hypervisor
can detect that the guest OS has finished shutting down and is
about to reboot. At this time, the hypervisor may save a
snapshot of the guest VM (and hosted guest OS) to an image
file, request boot service from the boot server, and send the
image file to the boot server. Various imaging mechanisms
may be employed to create the image file.

At block 504, after receiving the image of the guest VM,
the network connection between the boot server and the rest
of the network is disabled. Isolation of the boot server from
the rest of the environment is accomplished through the use of
a dedicated network switch (e.g., switch 210). This switch is
configured to offer connectivity to the boot server only when
the boot server is running in a clean mode. In some embodi-
ments, a remote software attestation protocol is used to deter-
mine which mode the boot server is in. If the boot server’s
attestation corresponds to the clean mode, then the switch
turns on network connectivity. An example attestation proto-
col is described in more detail with regard to FIG. 6. However,
it should be noted that embodiments are not limited to the
example attestation protocol, and any protocol may be used
by the boot server to attest to its software configuration. When
the boot server is ready to reboot into the dirty mode, it first
indicates to the switch that network connectivity should be
turned off. After the boot server’s network connection is
disabled at block 504, the boot server is rebooted in dirty
mode at block 506.

At block 508, the virtual machine is initialized, and the
guest OS is booted at block 510. The guest OS may be a
commodity OS (e.g., Windows®, Linux®, or other OS), but
it should be understood that any customized or non-commod-
ity guest OS may also be supported by embodiments. The
more complete virtualization stack executing on the boot
server may allow the guest OS to boot successfully, as dis-
cussed herein.

After the guest OS finishes booting on the boot server, the
boot server may take an image (e.g., snapshot) of the guest
VM with the booted guest OS, and save the image file in block
512. This image captures the guest VM’s current execution
state, including that of the virtual devices, to the image file.

The boot server is then rebooted into clean mode at block
514. In some embodiments, this includes restoring the boot
server to aknown-good state (e.g., overwriting the boot server
with a clean image, known to be free of potentially malicious
software). After rebooting into the clean mode, the boot serv-
er’s network connection is re-enabled at block 516, following
the boot server’s attestation that it is running in the clean
mode (described further below). At block 518, the saved
image file is provided to the production server that requested
that the guest OS be booted. The guest VM and guest OS may
then resume operations on the production server, using the
reduced virtualization stack described above.

Ilustrative Attestation Protocol

Embodiments support an attestation protocol that: 1) iden-
tifies certain information (e.g., a secret) that the boot server
may provide to the switch as proof that the boot server is
operating in clean mode (so that the switch may reestablish
connectivity between the boot server and other devices); and
2) binds the secret so that the secret is accessible only when
the boot server is operating in clean mode, to ensure that
malicious software may not gain access to the secret. In this
way, the attestation protocol attests that the boot server is
operating in clean mode, so that the switch may allow com-
munication between the boot server and other devices.
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An example attestation protocol uses the 48-bit MAC
address of the boot server NIC as the secret, to control the
boot server’s network connectivity. The switch may be con-
figured with a whitelist of MAC addresses to be allowed
network access, such that the switch enables network connec-
tivity when the boot server’s NIC presents one of the
whitelisted MAC addresses. When presented with a MAC
address not on the whitelist, the switch denies connectivity.

In some embodiments, the attestation protocol employs a
secure co-processor to ensure that a secret (e.g., the
whitelisted MAC address) is revealed only to an appropriate
software configuration (e.g., the clean configuration of the
boot server). This process of sealing the secret to the appro-
priate software configuration may be performed by a secure
co-processor such as employed by the Trusted Platform Mod-
ule™ (TPM) of the Trusted Computing Group™ (TCG).
Through use of a secure co-processor, the software attestation
protocol ensures that the boot server can unseal and retrieve
the MAC from the secure co-processor only when booted in
clean mode. Ifthe boot server is booted in the dirty mode, the
protocol ensures that the server cannot retrieve the MAC from
the secure co-processor.

Moreover, some embodiments may employ a secret that
includes both the MAC address of the boot server NIC and the
MAC address of the switch. This generates a 96-bit secret that
may be more difficult for malicious software to hack, provid-
ing greater security than use of the 48-bit boot server NIC
MAC address.

In some embodiments, a secure co-processor running on
the boot server protects the boot server’s whitelisted MAC
address, to ensure that it is only accessible when the boot
server is in clean mode. The whitelisted MAC address is
encrypted and saved while the boot server is operating in
clean mode. The MAC address may be decrypted and
retrieved if the following two conditions are true: 1) decryp-
tion is performed on the same machine (e.g., the boot server)
where encryption was performed; and 2) the boot server’s
boot configuration matches the configuration that was active
(e.g., the clean mode) when the whitelisted MAC address was
encrypted and saved. To ensure that these two conditions are
met, the encryption key used to encrypt the MAC address is
sealed and recorded in one or more registers by the secure
co-processor. In some embodiments, the register value(s)
consist of hashes of the boot server BIOS, firmware, Master
Boot Record (MBR), the Windows Boot Manager (Boot-
Mgr), and the boot configuration data.

The encryption key may only be unsealed by the boot
server’s boot manager before the boot server is booted,
because the boot manager caps the relevant register(s) by
extending them with a fixed value. This capping prevents the
register(s) from being accessible to any other OS running on
the boot server. The boot manager may unseal the encryption
key if it has the appropriate register values. The key remains
safe because the boot manager unseals the key only for the
partition that it intends to boot from. Further, an attacker is
prevented from modifying the boot manager because in that
event the register values would not match and the unseal
operation would fail. In some embodiments, the register(s)
can be extended but cannot be reset without a reboot of the
boot server. This ensures that an already booted OS, even if it
has access to all of the state information to calculate the
correct hash values, cannot insert those values into the regis-
ter(s).

FIG. 6 depicts an illustrative process and communications
for securely booting a guest operating system, employing an
attestation protocol. The particular attestation protocol is an
example of one attestation protocol that may be used with
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embodiments, and other attestation protocols may be
employed. FIG. 6 shows various communications between
production server device(s) 206, boot server device 208, and
switch 210, and functionality of the example attestation pro-
tocol. The order in which the operations are listed in FIG. 6
and described herein is not intended to be construed as a
limitation, and any number of the described operations can be
combined in any order and/or in parallel to implement the
process described.

As shown, at step 602 the boot server receives from a
production server an image file of a guest VM and guest OS to
be booted. After receiving the image file, boot server sends a
communication to the switch at step 604 to turn off connec-
tivity and thus isolate the boot server from the rest of the
environment. During a period of time 606, connectivity
between the boot server and the outside world is disabled,
enabling the secure booting of the guest OS in an isolated
environment. As described above, the boot server’s isolation
from the rest of the network is ensured through use of a secure
co-processor to seal a secret (e.g., a MAC address of a NIC of
the boot server) to the clean mode configuration of the boot
server, so that the secret is only accessible when the boot
server is operating in the clean mode.

After the boot server requests that the switch disable con-
nectivity, the boot server’s actual NIC MAC address is sealed
by the secure co-processor, and the boot server’s NIC MAC
address is set to a generic (i.e., non-whitelisted) value at step
608. This ensures that any malicious software running on the
boot server is prevented from reestablishing connectivity. At
step 610, the boot server is rebooted to dirty mode. The guest
VM is initialized at step 612, the guest OS is booted at step
614, and a snapshot image of the state of the guest VM and
booted guest OS is saved at step 616, as discussed above with
regard to FIG. 5.

Then, at step 618, the boot server is rebooted into clean
mode. At step 620, the boot server NIC’s MAC address is
reset to its secret, whitelisted value, after that value is
unsealed by the secure co-processor, retrieved and decoded
according to the attestation protocol described above. At step
622, connectivity is reestablished, and the saved VM image is
transferred to the production server at step 624.

Additional Security Considerations

If the boot server becomes compromised with malicious
software, there are three possible consequences: 1) the mali-
cious software may attempt to attack other devices in the
environment (e.g., in the data center or cloud infrastructure
generally); 2) the malicious software may compromise the
clean mode execution environment on the boot server; and 3)
the malicious software may attempt to launch a DoS attack by
refusing to restart the boot server in the clean mode. Embodi-
ments address each of these possible types of attacks. To
prevent the first class of attacks, embodiments ensure that
network connectively to the production server(s) is disabled
when the boot server is not running in clean mode, as
described above.

To prevent the second class of attack, the trusted clean
execution environment for the boot server (i.e., the state of the
boot server when running in clean mode) is stored in a sealed
and/or encrypted partition of the boot server. This prevents
malicious software from modifying the trusted clean execu-
tion environment. Further, although malicious software could
conceivably deleted the encrypted partition and put a new,
corrupted version in its place, such an act would also delete
the whitelisted MAC address of the boot server NIC, and
prevent the boot server from using the attestation protocol
described above to attest to the switch and gain connectivity.
As an additional security consideration, when the boot server
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runs in clean mode, the received guest VM image is stored as
an image file and not activated until the boot server is in dirty
mode.

In the third class of attack, malicious software may com-
promise the boot server and prevent it from rebooting back
into a clean mode, effectively preventing the boot server from
reestablishing network connectively. This form of DoS attack
(e.g., denying services from the boot server) may be accom-
plished by the malicious software deleting the encrypted par-
tition with its trusted clean execution environment, as
described with regard to the second class of attack. Embodi-
ments address this type of attack by including time-out func-
tionality on the production server. For example, a production
server may request that a guest OS be booted on a boot server,
and sends the guest VM image to the boot server. If a certain
predetermined threshold period of time elapses, and the pro-
duction server does not receive a guest VM image back from
the boot server, the production server may send an alert mes-
sage to an administration server and/or a human operator
indicating that there may be a problem with the boot server. At
that point, the boot server may be manually reformatted as a
security measure while it is still disconnected from the net-
work. After reformatting, the production server may be
instructed to request boot services from the boot server again.
Alternatively, the production server may be instructed to
request boot services from a different boot server.

CONCLUSION

Embodiments described herein provide for the secure
booting of a guest OS on a dedicated, isolated boot server, and
also provide for an attestation protocol that ensures the boot
server is operating in a clean mode when connected to the
outside world. Although the techniques have been described
in language specific to structural features and/or method-
ological acts, it is to be understood that the appended claims
are not necessarily limited to the specific features or acts
described. Rather, the specific features and acts are disclosed
as exemplary forms of implementing such techniques.

What is claimed is:

1. A method comprising:

receiving at a boot server device a first image file of a

virtual machine (VM) from an external device, the first
image file of the VM including a guest operating system
(OS) to be booted;

disabling a connection between the boot server device and

the external device;

booting the guest OS on the boot server device as a booted

guest OS;

saving a second image file of the VM, the second image file

of the VM including the booted guest OS;

restoring the connection between the boot server device

and the external device, including employing an attesta-
tion protocol to attest to a particular software configu-
ration of the boot server device by providing a second
address for a network interface of the boot server device;
and

providing the second image file to the external device.

2. The method of claim 1, wherein the boot server device
operates with a first virtualization stack, and wherein the
external device operates with a second virtualization stack
that is reduced in comparison with the first virtualization
stack.

3. The method of claim 1, wherein the second address is a
media access control (MAC) address of the network interface.
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4. The method of claim 1, further comprising:

providing a first address for a network interface of the boot

server device; and

blocking the first address at a switch connected to the boot

server device.

5. The method of claim 1, wherein the second address
includes first data associated with the network interface and
second data associated with a switch.

6. The method of claim 1, wherein the second address is
allowed at a switch.

7. The method of claim 1, wherein the second image file
enables the booted guest OS to operate on the external device.

8. A system comprising:

a boot server device, comprising:

a processor;

amemory having thereon instructions for operating with
a first virtualization stack; and

wherein the boot server device is configured to:

receive a first image that includes a guest operating
system (OS);

disconnect the boot server device from a network while
the guest OS boots on the boot server device;

use an attestation protocol to attest to a particular con-
figuration of the boot server device, wherein the attes-
tation protocol employs a secure co-processor to seal
an address associated with the boot server device; and

provide a second image for use by a second server
device, wherein the second image includes a booted
guest OS.

9. The system of claim 8, wherein the second server device,
operates with a second virtualization stack to support at least
one virtual device and the second virtualization stack of the
second server device is a reduced virtualization stack in com-
parison to the first virtualization stack of the boot server
device.

10. The system of claim 9, wherein the reduced virtualiza-
tion stack of the second server device comprises a limited
amount of software code in order to limit a number of security
vulnerabilities within the system accessible to one or more
guest virtual devices.

11. The system of claim 8, wherein the first virtualization
stack is a more complete virtualization stack in comparison to
a second virtualization stack of the second server device, and
the more complete virtualization stack supports at least one
legacy virtual device that is required for the guest OS to boot
and that is not supported by the second virtualization stack.
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12. The system of claim 8, wherein the first image further
includes a virtual machine (VM), and wherein the boot server
device is further configured to initialize the VM prior to
booting the guest OS.

13. The system of claim 8, wherein the second image is
configured to enable the booted guest OS to execute on the
second server device using the second virtualization stack.

14. One or more computer storage media, having thereon
information to instruct a processor to perform actions com-
prising:

receiving a first image file of a virtual machine (VM) at a

boot server device, wherein the first image file of the VM
includes a guest operating system (OS) to be booted;
isolating the boot server device from a network;

booting the guest OS on the boot server device in an iso-

lated environment;

saving a second image file of the VM, wherein the second

image file of the VM includes a booted guest OS;
restoring a connection between the boot server device and
the network; and

providing the second image file to an external device.

15. The one or more computer storage media of claim 14,
wherein the actions further comprise sealing a secret to a
clean mode configuration of the boot server device.

16. The one or more computer storage media of claim 15,
wherein the secret is accessible to the boot server device when
the boot server device is operating in the clean mode configu-
ration.

17. The one or more computer storage media of claim 15,
wherein the secret includes a media access control (MAC)
address of a network interface controller (NIC) of the boot
server device.

18. The one or more computer storage media of claim 17,
wherein the MAC address is white listed by a network switch
connected to the boot server and the boot server is connected
to the network when the MAC address is presented to the
network switch.

19. The one or more computer storage media of claim 14,
wherein the actions further comprise:

disabling a network connection to the boot server device;

and

booting the boot server device in a dirty mode, prior to

booting the guest OS.

20. The one or more computer storage media of claim 19,
wherein, while in the dirty mode, an address of a NIC of the
boot server device is set to a generic value that is not recog-
nized by a network switch connected to the boot server
device.



